Introduction
Confining optical waves inside the low refractive index medium with a subwavelength dimension is always of great importance for improving the sensitivity of optical sensing devices or enhancing the efficiency of optical signal processing. Although radially stratified circularly symmetric waveguides (CSWs) were proposed in the 1970s [1] , low-index core CSWs which can concentrate light almost 100% in the low-index region have been realized recently [2] , [3] . Those structures rely on external reflections provided by photonic crystals [2] or multiple dielectric layers [3] . Consequently, the lowindex cores are always large, and the optical power intensities are not very high. By utilizing the electric field discontinuity along different medium interface analogy to the planar slot waveguides [4] - [6] , some other structures, both with complex [7] , [8] and simple [9] , [10] claddings, have been proposed to confine the light in the low-index materials. One of the typical structures is illustrated in Fig. 1(a) (here, we name it slot-CSW), and it is worthy of noting that the low-index core has to be small enough to form the wave coupling effect. Recently, we proposed a radially stratified microoptical fiber with a low-index ring region [11] . The structure (here, we name it ring-CSW) can be considered as a conventional fiber with a low-index ring sandwiched by the high-index cores, which can be seen from Fig. 1(b) . It is shown that the proposed ring-CSW is able to concentrate optical field in nanometer-thin low-index ring region by TM01 mode with very high optical confinement efficiency. In this paper, properties of the ring-CSW are studied comprehensively through the mode characteristics comparison of the ring-CSWs with the slot-CSWs. Further investigations include the effects of the structure parameters on confinement factors as well as the enhancement of the optical intensity in the low-index region. The fabrication tolerances and the potential applications for nonlinearity improvement and sensing are discussed.
Mode Properties
In this paper, we define two confinement factors 1 and 2 , indicating the fraction of light being confined inside the low-index region and the core, respectively [6] 1 ¼
Using a full-vector finite-difference complex mode solver [12] , the modes of the CSW shown in Fig. 1(a) are calculated. In order to be comparable with the planar slot waveguide, the materials are chosen as the same as those used in [4] with n cl ¼ n l ¼ 1:44 and n h ¼ 3:48. The other parameters are chosen as R 0 ¼ 0:05 m and R co ¼ 0:45 m, and the wavelength is 1.55 m. The mode characteristics of HE11 and TM01 modes are shown in Fig. 2 . It is observed from Fig. 2(a) that the HE11 mode is degenerate with two orthogonal polarization modes. For the x polarization, the electric lines are parallel along the x direction, indicating that there is an electric field discontinuity at the horizontal interface between n h and n l . From the power distributions ðS z Þ shown in Fig. 2(a) and the cross sections of the power distributions in the y ðx ¼ 0Þ and x ðy ¼ 0Þ directions shown in Fig. 2 (b) Fig. 1 . Structures of the CSW having low index materials in (a) center (slot-CSW) and (b) ring region (ring-CSW). In (a), the core of slot-CSW is supposed to be the region having a radius of R co , which contains a low-index central core (with index of n l ) and a high index region (with index of n ½ h) surrounding the central low index region. In (b), the core of ring-CSW has a radius of R co , and it contains two high index regions with refractive indices of n h and one low index ring with refractive index of n l . For both structures, the index of the cladding material is supposed to be n cl . and (c), it is noted that the linearity polarization mode provides large electric field discontinuity in one direction. Different from the HE11 mode, the TM01 mode of the CSW is azimuthally polarized and has a radial electric field line, as shown in Fig. 2(d) . Consequently, the electric fields are discontinuous in all directions since the electric line always has the same direction with the index discontinuity. However, the TM01 mode is a high order mode and has less power being confined in the central region, as shown in Fig. 2(e) .
To take the full advantage of the field discontinuity of the TM01 mode, we proposed the structure shown in Fig. 1(b) . The structure has index distributions of high, low, and high from center to outside in the core region and the low-index material in the cladding. Still, the materials are chosen as n h ¼ 3:48 and n l ¼ n cl ¼ 1:44. The other geometry parameters are R 1 ¼ 0:23 m, R co ¼ 0:45 m, and g ¼ 0:05 m. The wavelength used in the mode calculation is 1.55 m. The power distributions of TM01 mode and the cross section of electric fields along the x direction ðy ¼ 0Þ are shown in Fig. 2 (f) and (g), respectively. The electric fields are greatly enhanced, and the power is highly efficiently concentrated in the low-index ring. The power confinement factor 1 is about 37%, which is almost the same as that of planar slot waveguide.
Confinement Efficiency and Intensity Enhancement
The details of low-index confinement and optical intensity enhancement of the Si-SiO 2 ring CSW (n h ¼ 3:48 and n l ¼ n cl ¼ 1:44) are calculated. Fig. 3(a) and (b) show the variations of the power confinement factors in low-index ring ð 1 Þ and the entire core ð 2 Þ, respectively, with the changing of R ¼ R 1 =R co at the situations of g ¼ 0:05 m and different values of R co . For a fixed R , 1 increases while 2 decreases with the decrease of R co . On the other hand, for a fixed R co , 1 increases to a peak then drops with the increase of the R , so that there is always an optimized value of R which makes 1 the largest for every value of R co . In the simulation, the largest value of 1 is found to be about 46%, which reveals that the CSW is a very high efficient low-index optical power concentrator and is even better than the planar waveguides constructed with the same materials (about 30% [4] ). Although the power confinement efficiency is important for sensing applications, the enhancement of optical intensity, which is defined as average power located in unit area [4] , is more important in many applications such as nonlinearity enhancement. Fig. 3(c) shows the light intensity ratio in low-index and high-index regions as functions of R at different R co . The intensity ratio is defined by 1 and I with g. Here, R is defined as R ¼ R 1 =R co and the definitions of R 1 and R co can be found in Fig. 1(b) . I ¼ I l =I h is the ratio of optical intensity of low ðI l Þ and high ðI h Þ index regions in the core of Si-SiO 2 ring-CSW.
in which I l and I h are the optical intensities of low-and high-index regions inside the core, respectively. There is still a best value of R to make I largest at every value of R co . The intensity in low-index region can be more than six times higher than that in high-index region. To further investigate the influences of width of low-index ring on the field confinement, the CSW with R co ¼ 0:45 m and R 1 ¼ 0:27 m are chosen. Fig. 3(d) shows how 1 and I vary with ring width g, and it is found that the power confinement efficiency and intensity enhancement in the low-index region are changing in the opposite direction with the increasing of the width of the low-index gap.
Structure Tolerance
For the proposed structure, the high-index material could be Silicon ðSi; n $ 3:48Þ [13] , Chalcogenide glass such as As 2 Se 3 ðn $ 2:8Þ [14] , and Bi silicate glass ðn $ 2:02Þ [15] , etc. Si is very suitable for the host material for the high index, but the fabrication of Si CSW is still difficult, although some breakthroughs have been achieved [13] . The fabrication of As 2 Se 3 glass is relatively easy, which makes As 2 Se 3 a good candidate to fabricate the proposed CSW in that it has relatively high index in the infrared wavelength region. The Bi silicate glass [15] has some advantages such as good mechanical, chemical, and thermal stability and can be fusion-spliced to silica fibers, although its index is not very high. For the low-index material, it could be air ðn $ 1Þ, PES ðn $ 1:55Þ [14] , SiO 2 ðn $ 1:5Þ, Silicon nanocrystals ðSinc; n $ 1:5Þ [16] , and CS 2 ðn $ 1:587Þ [17] , etc. If the CSW is an air-filled or liquid (such as CS 2 ) filled structure, the high-index material is easily chosen so that only the fabrication difficulty should be considered. If two solid materials are chosen, them being thermally compatible (such as As 2 Se 3 and PES) [14] with each other is important for practical fabricating. For sensing applications, the power concentrating efficiency in the low-index material is crucial; therefore, the lowest index air is preferred; on the other hand, for nonlinearity enhancement which needs the lowindex materials with high nonlinear coefficient, Sinc [18] and Si-Sinc [9] pairs are good candidate materials for the highly nonlinear CSW. It should be pointed out that since the choice of the material is related to the practical applications and fabrications, other materials such as Ge doped SiO 2 may be more suitable in practice. For simplicity, only two types of CSW, i.e., As 2 Se 3 -air and As 2 Se 3 -CS 2 , are considered in this work. By the same calculating procedure as the Si-SiO 2 structure studied above, the parameters of the CSWs are optimized as R co ¼ 0:55 m, R 1 ¼ 0:33 m, and g ¼ 0:07 m for the As 2 Se 3 -air structure (with 1 % 0:52, 2 % 0:92 and I % 7:3) and R co ¼ 0:50 m, R 1 ¼ 0:27 m, and g ¼ 0:08 m for the As 2 Se 3 -CS 2 structure (with 1 % 0:48, 2 % 0:92 m, and I % 5:1). The wavelength is 1.55 m, and the cladding is supposed to be air [n cl ¼ 1 in Fig. 1(b) ] in all calculations.
The fabrication tolerance of the circularly symmetric of the ring structure is important since the symmetry may be broken during the fabrication process such as web holding. Fig. 4 shows the mode profile of an elliptical ring CSW obtained by a finite element method (FEM) mode solver. Although the strict circularly symmetric is broken and the power distributions of the Bdonut[ mode are not uniform, the field is still enhanced and concentrated in the low-index region. The effects of changes in shape to power concentrating efficiencies and optical intensity enhancement are shown in Fig. 5(a) and (b) for the As 2 Se 3 -air structure and Fig. 5(c) and (d) for the As 2 Se 3 -CS 2 structure. The values of 1 and I can stay at high levels for both As 2 Se 3 -air (lager than 0.4 for 1 and 5.2 for I ) and As 2 Se 3 -CS 2 (lager than 0.32 for 1 and 4.4 for I ) structures, although the shapes of the structure changed a lot (the values of e2 ¼ b 2 =a 2 are from 0.9 to 1.1, and e1 ¼ b 1 =a 1 are from 0.8 to 1.12). Thus, we believe that the power concentration and intensity enhancement have high tolerance with the shape changing in practical fabrication. One thing that should still be noticed is that some thin veins should be added in case the lowindex region is gas or liquid filled to link the central and outside high-index materials. The Bdonut[ mode of this suspend structure keeps good power location in the low-index region, which can be seen from Fig. 6(a) ; three thin veins are added with 120 angular space with each other. The veins can be introduced in the radiation directions that are parallel with the electric line of TM01 mode to minimize the effect of the nonideal symmetry [see Fig. 6(b) ]. The introduction of veins in the gap will lower the efficiencies of power concentrating as well as intensity enhancement, however, in an acceptable range, as shown in Fig. 6(c) and (d) .
To excite the TM01 mode, a straightforward method uses the special excitation method. Utilizing inhomogeneous anisotropic subwavelength structure [23] , a single TM01 mode could be excited. We may also design a single TM mode fiber with the help of Bragg cladding [24] - [26] .
The last things that should be noted is that the proposed structure has the feature of high refractive index contrast, and the higher absorption losses may happen if the optical field intensity along the material interface is strong. The impact of the scattering loss resulting from the fabrication imperfections, however, can be evaluated by the method developed in [27] .
Conclusion
In conclusion, a new CSW with a low-index ring inside the fiber core is proposed and studied comprehensively. Benefitting from the field discontinuity of electric fields of TM01 mode in all directions, the CSW has high power confinement efficiency in the low-index region. The fabrication tolerance, as well as the material platform, has been discussed in detail with the aim of various applications in sensing and optical signal processing.
